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6 Towards absolute neutrino masses
Petr Vogela∗
aKellogg Radiation Laboratory 106-38,
Caltech, Pasadena, CA 91125, USA
Various ways of determining the absolute neutrino masses are briefly reviewed and their sensitivities compared.
The apparent tension between the announced but unconfirmed observation of the 0νββ decay and the neutrino
mass upper limit based on observational cosmology is used as an example of what could happen eventually. The
possibility of a “nonstandard” mechanism of the 0νββ decay is stressed and the ways of deciding which of the
possible mechanisms is actually operational are described. The importance of the 0νββ nuclear matrix elements
is discussed and their uncertainty estimated.
1. Generalities
Thanks to the recent triumphs of neutrino
physics we know that neutrinos are massive
fermions and that they are mixed, i.e., that the
neutrino flavor (νe, νµ, ντ ) is not a conserved
quantity. We also know, with a reasonable accu-
racy (some better than other), the three mixing
angles and the magnitudes of mass square differ-
ences ∆m2ij = m
2
i −m
2
j .
These discoveries represent the first deviations
from the Standard Model of particle physics that
postulated massless neutrinos and conservation of
the individual as well of the total lepton numbers.
Thus, a new all encompassing theory, sometimes
called the “New Standard Model”, should be for-
mulated. In order to delineate a path to it, sev-
eral additional questions ought to be answered.
Among them, two are the topic of this talk: “Are
neutrinos Majorana or Dirac fermions?” and
“What is the absolute neutrino mass scale?”
The list below summarizes the methods cur-
rently used for neutrino mass determination and
their estimated sensitivities.
• Neutrino oscillations: Only mass squared
differences, sometimes only their absolute
value, ∆m2ij = m
2
i − m
2
j , are deter-
mined. The two different ∆m2 values are
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|∆m2atm| = (1.9 − 3.0) × 10
−3 eV2 and
∆m2sol = 8.0
+0.4
−0.3 × 10
−5 eV2. This range
and indicated error bars show the present
sensitivity. The accuracy will undoubtedly
improve soon, particularly for ∆m2atm. This
mass determination is independent on the
charge conjugation properties of neutrinos.
• Ordinary beta decay: The quantity de-
termined or constrained is 〈mβ〉
2 =
Σim
2
i |Uei|
2. Present limit on 〈mβ〉 is ∼ 2
eV. The ultimate sensitivity appears to be
∼ 0.2 eV. Again, independent on the Majo-
rana or Dirac nature of neutrinos.
• Observational cosmology: The quantity de-
termined or constrained is M = Σimi. The
sensitivity is at present model dependent,
but probably will eventually reach ∼ 0.1
eV. Again, independent on the Majorana
or Dirac nature of neutrinos.
• Double beta decay: The quantity de-
termined or constrained is 〈mβ〉 =
|Σimi|Uei|
2eiαi |, where the Majorana
phases αi are at present totally unknown.
The sensitivity of the method in the near
term is ∼ 0.1 eV, and in a longer term (next
ten years or so) ∼ 0.01 eV. The 0νββ decay
exists only for Majorana neutrinos.
Note that other, sometimes conceptually sim-
pler, methods of neutrino mass determination
1
2cannot reach competitive sensitivities. For ex-
ample, the time-of-flight would use the time de-
lay of massive neutrinos, compared to mass-
less particles, traveling a distance D, ∆t(E) =
0.514(m/E)2D s, where m is in eV, E in MeV,
and D in units of 10 kpc. For a galactic super-
nova various analyzes suggest sensitivity ∼ 10-20
eV for this method.
The two body weak decays, like decay of a
pion at rest, pi+ → µ+ + νµ, can be also used
if the muon energy is determined. In that case
m2ν = m
2
pi +m
2
µ − 2mpiEµ. However, since this is
a difference of two very large numbers, the present
sensitivity is only ∼ 170 keV with little hope for
a substantial improvement.
Figure 1. Dependence of 〈mββ〉 on the mass of the
lightest neutrino mmin, and on M and 〈mβ〉. The
irreducible width of the hatched areas is due to the
unknown Majorana phases. The lines take into ac-
count the current uncertainties in the oscillation pa-
rameters; they will shrink as the accuracy improves.
The two sets of curves correspond to the normal and
inverted hierarchies.
The various neutrino mass dependent quanti-
ties are related, as shown in Fig.1. Note that a de-
termination of 〈mββ〉, even when combined with
the knowledge of M and/or 〈mβ〉 does not allow,
in general, to distinguish between the normal and
inverted mass orderings. This is a consequence of
the fact that the Majorana phases are unknown.
In regions in Fig. 1 where the two hatched bands
overlap it is clear that two solutions with the same
〈mββ〉 and the same M (or the same 〈mβ〉) exist
and cannot be distinguished. On the other hand,
obviously, if one can determine that 〈mββ〉 ≥ 0.1
eV we would conclude that the mass pattern is
degenerate. And in the so far hypothetical case
that one could show that 〈mββ〉 ≤ 0.01 - 0.02 eV,
but nonvanishing nevertheless, the normal hier-
archy would be established.
2. Current situation
Figure 2. Apparent tension between the claim of the
0νββ decay discovery and the upper limit on the sum
Σ of the neutrino masses based on the observational
cosmology (from [4]). I.H. and N.H. mean inverted
and normal hierarchies.
At present, some information exists on the
3degenerate mass region. I use this as an av-
enue to discuss what can eventually happen, and
what it might mean. The results of the WMAP
mission[1] (3 years data), combined with other
observations[2] (Sloan Survey and in particular
the Lyman-α forest analysis) restrict the sum of
the neutrino masses to about Σmi ≤ 0.2 eV if
all the data are combined. On the other hand,
a recently claimed (and as yet unconfirmed) dis-
covery of the 0νββ decay[3] would indicate that
〈mββ〉 ≥ 0.4 eV. Putting these two indications
together[4] suggests an inconsistency as shown in
Fig.2.
Leaving aside the all important question
whether the 0νββ decay experimental evidence
will withstand further scrutiny and whether the
cosmological constraints are reliable and model
independent, let us discuss possible scenarios sug-
gested by the comparison illustrated in Fig.2.
What can happen once all evidence becomes
available:
1. Both neutrino mass determinations will
yield a positive and consistent result, i.e.,
both results will intersect at the allowed
band and both will suggest the degenerate
neutrino mass pattern. Such results will
be relatively readily accepted, even though
many theorists do not expect the degener-
ate scenario.
2. Future 0νββ decay experiments will not
find a positive evidence (i.e., the present
claim will be shown to be incorrect), but the
observational cosmology or/and the study
of tritium β decay will find evidence for the
degenerate mass pattern. This is the situa-
tion exactly opposite to the one depicted in
Fig.2. This will be also, albeit reluctantly,
accepted and would indicate that neutrinos
are Dirac, not Majorana particles.
3. The depicted situation is confirmed. The
positive evidence of 0νββ decay is con-
fronted with a lack of confirmation from
observational cosmology. What then? Is
there a possible scenario that would accom-
modate this situation?
3. Mechanism of 0νββ decay
The answer is yes and deserves a more detailed
explanation. In fact, this can happen for two
reasons. Possibility 1): The 0νββ decay is not
caused by the exchange of a light Majorana neu-
trino but by another mechanism. Hence the ex-
traction of 〈mββ〉 from the lifetime is not possible.
Possibility 2): Even though the 0νββ decay is
caused by the exchange of a light Majorana neu-
trino the relation between the lifetime and 〈mββ〉
is different than used so far, since the nuclear ma-
trix elements are highly uncertain.
In order to further discuss the point 1) above,
note that besides the exchange of a light Majo-
rana neutrino 0νββ decay can be caused by the
exchange of various hypothetical heavy particles
in particle physics models that contain Lepton
Number Violation (LNV). It turns out that the
confusion about the possible mechanism can oc-
cur if the scale of such heavy particles is Λ ∼ 1
TeV. (Smaller scales are already excluded, much
larger ones lead to unobservably long lifetimes.)
If the 0νββ decay is observed, how can we tell
which mechanism is responsible?
Generally, observation of the 0νββ decay, even
of the single electron spectrum and/or the angu-
lar distribution of the electrons, does not allow
one to determine the mechanism responsible for
the decay. It has been suggested in Ref.[5] that
the observation of the Lepton Flavor Violation
(LFV) could be used as a “diagnostic tool” for
that purpose.
The discussion is concerned mainly with the
branching ratios Bµ→eγ = Γ(µ → eγ)/Γ
(0)
µ and
Bµ→e = Γconv/Γcapt, where µ → eγ is normal-
ized to the standard muon decay rate Γ
(0)
µ =
(G2Fm
5
µ)/(192pi
3), while µ→ e conversion for the
µ− on an atomic orbit of a nucleus is normal-
ized to the corresponding capture rate Γcapt. The
main diagnostic tool in the analysis is the ratio
R = Bµ→e/Bµ→eγ , (1)
and the relevance of our observation relies on the
potential for LFV discovery in the forthcoming
experiments MEG [6] (µ → eγ) and MECO [7]
(µ→ e conversion)2.
2Even though MECO experiment was recently canceled,
4As explained in [5] if the ratio R is ∼ 10−(2−3)
one expects that the 0νββ decay is caused by the
exchange of a light Majorana neutrino and hence
the decay rate is proportional to 〈mββ〉
2. On the
other hand, observation of R ≫ 10−2 could sig-
nal non-trivial LNV dynamics at the TeV scale,
whose effect on 0νββ has to be analyzed on a case
by case basis. Therefore, in this scenario no defi-
nite conclusion can be drawn based on LFV rates.
In addition, non-observation of LFV in muon pro-
cesses in forthcoming experiments would likely
imply that the scale of non-trivial LFV and LNV
is above a few TeV, and thus Γ0νββ ∼ 〈mββ〉
2.
The conclusion above, with some important
caveats, was reached in [5] by analyzing two phe-
nomenologically viable models that incorporate
LNV and LFV at low scale, the left-right sym-
metric model and the R-parity violating super-
symmetry. However, it is likely that the basic
mechanism at work in these illustrative cases is
generic: low scale LNV interactions (∆L = ±1
and/or ∆L = ±2), which in general contribute
to 0νββ, also generate sizable contributions to
µ → e conversion, thus enhancing this process
over µ→ eγ.
4. Nuclear matrix elements
If indeed the exchange of a light Majorana neu-
trino is responsible for the 0νββ decay, the half-
life and the effective mass are related by
1
T 0ν1/2
= G0ν(Q,Z)|M0ν|2〈mββ〉
2 , (2)
where G0ν(Q,Z) is a phase space factor that de-
pends on the transition Q value and through the
Coulomb effect on the emitted electrons on the
nuclear charge Z and that can be easily and ac-
curately calculated, and M0ν is the nuclear ma-
trix element that can be evaluated in principle,
although with a considerable uncertainty.
It follows from eq.(2) that (i) values of the nu-
clear matrix elements M0ν are needed in order to
extract the effective neutrino mass from the mea-
sured 0νββ decay rate, and (ii) any uncertainty
in M0ν causes a corresponding and equally large
proposals for experiments with similar sensitivity exist
elsewhere.
uncertainty in the extracted 〈mββ〉 value. Thus,
the issue of an accurate evaluation of the nuclear
matrix elements attracts considerable attention
and in its extreme form can explain the situation
depicted in Fig.2.
Common to all methods of calculating M0ν is
the description of the nucleus as a system of nu-
cleons bound in the mean field and interacting
by an effective residual interaction. The used
methods differ as to the number of nucleon orbits
(or shells and subshells) included in the calcu-
lations and the complexity of the configurations
of the nucleons in these orbits. The two basic
approaches used so far for the evaluation of the
nuclear matrix elements for both the 2ν and 0ν
ββ decay modes are the Quasiparticle Random
Phase Approximation (QRPA) and the nuclear
shell model (NSM). They are in some sense com-
plementary; QRPA uses a larger set of orbits,
but truncates heavily the included configurations,
while NSM can include only a rather small set of
orbits but includes essentially all possible configu-
rations. NSM also can be tested in a considerable
detail by comparing to the nuclear spectroscopy
data; in QRPA such comparisons are much more
limited.
Since the calculations using QRPA are much
simpler, an overwhelming majority of the pub-
lished calculations uses that method. There are
suggestions to use the spread of these published
values ofM0ν as a measure of uncertainty[8]. Fol-
lowing this, one would conclude that the uncer-
tainty is quite large, a factor of three or as much
as five. But that way of assigning the uncertainty
is questionable. Using all or most of the published
values of M0ν means that one includes calcula-
tions of uneven quality. Some of them were de-
voted to the tests of various approximations, and
concluded that they are not applicable. Some in-
sist that other data, like theM2ν , are correctly re-
produced, other do not pay any attention to such
test. Also, different forms of the transition oper-
ator Oˆ0ν are used, in particular some works in-
clude approximately the effect of the short range
nucleon-nucleon repulsion, while others neglect it.
In contrast, in Ref.[9] an assessment of uncer-
tainties in the matrix elements M0ν inherent in
the QRPA was made, and it was concluded that
5with a consistent treatment the uncertainties are
much less, perhaps only about 30% (see Fig.3).
That calculation uses the known 2ν matrix ele-
ments in order to adjust the most important free
parameter, the effective proton-neutron interac-
tion constant. There is a lively debate in the
nuclear structure theory community, beyond the
scope of this talk, about this conclusion.
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Figure 3. Nuclear matrix elements and their variance
for the indicated approximations (see Ref.[9]).
It is of interest also to compare the resulting
matrix elements of Rodin et al.[9] based on QRPA
and its generalizations, and those of the avail-
able most recent NSM evaluation[10]. Note that
the operators used in NSM evaluation do not in-
clude the induced nucleon currents that in QRPA
reduce the matrix element by about 30%. The
QRPA[9] and NSM[10] M0ν are compared in Ta-
ble 1. In the last column the NSM matrix ele-
ments are reduced by 30% to approximately ac-
count for the missing terms in the operator, and
to make the comparison more meaningful. With
this reduction, it seems that QRPA results are a
bit larger in the lighter nuclei and a bit smaller in
the heavier ones than the NSM results, but basi-
cally within the 30% uncertainty estimate. Once
the NSM calculations for the intermediate mass
nuclei 96Zr, 100Mo and 116Cd become available,
one can make a more meaningful comparison of
the two methods.
Table 1
Comparison of the calculated nuclear matrix elements
M0ν using the QRPA method[9] and the NSM[10]. In
the last column the NSM values are reduced, divided
by 1.3, to account approximately for the effects of the
induced nucleon currents.
Nucleus QRPA NSM NSM/1.3
76Ge 2.3-2.4 2.35 1.80
82Se 1.9-2.1 2.26 1.74
96Zr 0.3-0.4
100Mo 1.1-1.2
116Cd 1.2-1.4
130Te 1.3 2.13 1.64
136Xe 0.6-1.0 1.77 1.36
Once the nuclear matrix elements are fixed (by
choosing your favorite set of results), they can be
combined with the phase space factors (a com-
plete list is available, e.g. in the monograph[11])
to obtain a half-life prediction for any value of
the effective mass 〈mββ〉. It turns out that for
a fixed 〈mββ〉 the half-lives of different candidate
nuclei do not differ very much from each other
(not more than by factors ∼ 3 or so) and, for
example, the boundary between the degenerate
and inverted hierarchy mass regions corresponds
to half-lives ∼ 1027years. Thus, the next genera-
tion of experiments should reach this region using
several candidate nuclei, making the correspond-
ing conclusions less nuclear model dependent.
5. Summary
In this talk I discussed the status of neutrino
mass determination, in particular the role of the
double beta decay. I have shown that if one makes
the minimum assumption that the light neutrinos
familiar from the oscillation experiments, which
are interacting only by the left-handed weak cur-
rent, are Majorana particles, then the rate of the
0νββ decay can be related to the absolute scale
of the neutrino mass in a straightforward way.
On the other hand, it is also possible that the
0νββ decay is mediated by the exchange of heavy
particles. I explained that if the corresponding
6mass scale of such hypothetical particles is ∼ 1
TeV, the corresponding 0ν decay rate could be
comparable to the decay rate associated with the
exchange of a light neutrino. I further argued that
the study of the lepton flavor violation involving
µ → e conversion and µ → e + γ decay may be
used as a “diagnostic tool” that could help to de-
cide which of the possible mechanisms of the 0ν
decay is dominant.
Further, I have shown that the the range of
the effective masses 〈mββ〉 can be roughly divided
into three regions of interest, each corresponding
to a different neutrino mass pattern. The region
of 〈mββ〉 ≥ 0.1 eV corresponds to the degenerate
mass pattern. Its exploration is well advanced,
and one can rather confidently expect that it will
be explored by several ββ decay experiments in
the next 3-5 years. This region of neutrino masses
(or most of it) is also accessible to studies us-
ing the ordinary β decay and/or the observational
cosmology. Thus, if the nature is kind enough to
choose this mass pattern, we will have a multiple
ways of exploring it.
The region of 0.01 ≤ 〈mββ〉 ≤ 0.1 eV is often
called the ”inverted mass hierarchy” region. In
fact, both the inverted and the quasi-degenerate
but normal mass orderings are possible in this
case, and experimentally indistinguishable. Real-
istic plans to explore this region using the 0νββ
decay exist, but correspond to a longer time scale
of about 10 years. They require much larger,
∼ ton size ββ sources and correspondingly even
more stringent background suppression.
Intimately related to the extraction of 〈mββ〉
from the decay rates is the problem of nuclear
matrix elements. At present, there is no consen-
sus among the nuclear theorists about their cor-
rect values, and the corresponding uncertainty. I
argued that the uncertainty is less than some sug-
gest, and that the closeness of the Quasiparticle
Random Phase Approximation (QRPA) and Shell
Model (NSM) results are encouraging. But this
is still a problem that requires further improve-
ments.
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